Abstract. Species distribution modelling is useful for addressing knowledge gaps for poorly studied geographical areas by identifying potentially suitable habitats for species across landscapes. This study was undertaken to identify areas containing wetland habitats to support actions aimed at the conservation of wetland bird species on the Red Sea coast of the Kingdom of Saudi Arabia (KSA). We used a maximum entropy approach to build habitat suitability models for 22 wetland bird species (gulls, shorebirds, and terns). Ten variables relating to topography, habitat, latitude, coast complexity, man-made structures, and human settlements were used to produce individual habitat suitability models for each of the bird species. The areas under the curve (AUC) for the final model were 0.9013 and 0.879 for the training and testing data, respectively, and the jackknife analyses suggested that the models generally performed well. Using the modelled distributions of the 22 species along the Red Sea coast, the analysis suggested 17 core areas where the habitat and landscape configuration were suitable for supporting high species richness. Of these 17 sites, one is already protected, and there is a need to protect the remaining sites. The use of these models to inform conservation strategies in the Red Sea region of the KSA is discussed.
Introduction
The Red Sea region has diverse coastal and marine habitats. These include mangroves, mudflats, marshes, sand dunes, sand plains, rocky shores, coastal reefs, and marine islands (PERSGA/GEF, 2003). The region is particularly important for corals, marine invertebrates, and turtles (AbuZinada et al., 2002) .
However, the size of the region and limited opportunities for survey and census fieldwork, mean that the fauna of the Red Sea coast remains relatively poorly studied. Previous surveys have suggested that the region is important for a variety of bird taxa, including Palaearctic migrants and winter residents (PERSGA/GEF, 2004). On the Red majority of datasets for species distribution modelling are therefore presence-only datasets , and this is the case for the present study.
To address the current lack of understanding about factors driving the abundance and distribution of shorebirds along the Red Sea coast of the Kingdom of Saudi Arabia (KSA), we have utilised available data from an extensive coastal bird survey (AlRashidi et al., 2011) , to attempt the first species distribution modelling in the region. The core aim of this research was therefore to give guidance for the development of conservation strategies for the Red Sea coastal area of the KSA by providing a better understanding of the distribution of 22 wetland bird species along the Red Sea coast. Therefore, this will help guide future surveys and monitoring of wetland bird species in this region. We also targeted to quantify the relative importance of key sites by determining areas of high species richness.
Methods

Environmental variables for the model
The Red Sea coastline of the KSA extends 1,840 kilometres from the border with Jordan in the northern Gulf of Aqaba region (29° 30' N) to the border with Yemen in the southern Red Sea region (16° 22' N) (PERSGA/ . This coastline has an arid climate with temperatures reaching up to 50 °C in summer. The average rainfall is less than 70 mm per year (PERSGA/GEF, 2003).
We utilised the wetland bird species data collected by AlRashidi et al. (2011) between 2 July and 10 August 2008 (Fig. 1) . The data were gathered from 98 randomly selected sites located within 1 km of the sea along the west coast of Saudi Arabia including the Farasan Islands. 35 bird species have been recorded along the Red Sea coast, and here we focus on 22 of these species, for which more than 14 records were available ( Table 1) .
Ten environmental variables were selected for the species distribution modelling: vegetation cover, soil moisture, distance to main cities (big cities), distance to cities (small cities), distance to roads, brightness, latitude, coast complexity, elevation, and slope. Information about vegetation cover, soil moisture, brightness, and elevation was derived from 21 Landsat 7 satellite images and rendered into GIS format (below) by online tools associated with the Global Land Cover Facility (AlRashidi et al., 2011).
The tasseled cap transformation was introduced by Kauth and Thomas (1976) . It is an appropriate tool for improving spectral data and deriving important environmental information (Crist and Cicone, 1984) . A tasselled cap transformation with coefficients for the Landsat ETM+ sensor was used (Huang et al., 1998) to produce three rasters: tasselled cap greenness shows the existence and density of green vegetation; tasselled cap moistness, which describes the amount of soil moisture; and tasseled cap brightness, shows variations in soil structures. Finally, all transformed images were rescaled such that pixels took digital number values from 0 to 255 (see AlRashidi et al., 2011; Long et al., 2008) .
Elevation data were derived from the Shuttle Radar Topography Mission (SRTM). Tiles of SRTM data corresponding to the 21 WRS-2 scenes of Landsat data used were downloaded from the Global Landcover Facility (http://www.landcover.org). These were then mosaiced and clipped in the same way as the satellite images were. The resolution of this dataset was 90 m, but in order to overlay all layers of environmental data exactly, we resampled the SRTM to 30 m pixel size to produce the final elevation map (see AlRashidi et al., 2011; Long et al., 2008) . the west coast of Saudi Arabia was projected to UTM 37N and clipped to the study area. The source of these data was http://www.gospatial.com. Three distance-to-feature rasters were created to measure the euclidean distance between all cells within the study area to the nearest main cities, cities and roads. We then converted the data to raster format in which each cell took as its value the distance (km) to the nearest main cities, cities and roads (see AlRashidi et al., 2011) .
To investigate the effect of latitude, we added latitude coordinate data in ArcGIS as a layer with decimal degrees format. We then converted the data to raster format. After that, raster was clipped to the study area to generate the latitude layer that matches all layers of environmental data exactly. We then converted raster to ASCII.
To investigate the effect of coastal complexity (the physical shape attributes of each coastal pixel), a fishnet layer was created to split the coastline into 1 km 2 . Next, we calculated the geometric intersection of the feature classes and feature layers. We then converted the data to raster format in which the value of each cell was given an indication of how curvy the coastline is. Finally, this raster was clipped to the study area to generate the coast complexity map that matches all layers of environmental data exactly. We then converted raster to ASCII.
Species data
The species occurrence data were entered into ArcGIS version 10, re-projected to UTM in the same coordinate system, and then rasterised. All environmental variables (described above) were converted to raster layers within ArcGIS, and modified to fit the same geographical boundary and cell size. Finally, we converted the environmental layers from raster format to ASCII and exported them to the modelling program.
Species distribution modelling
All analyses were implemented using MaxEnt software version 3.3.3e . MaxEnt uses presence-only data to predict the likelihood distributions of maximum entropy as the basis for forecasts of potential distributions of species (Young et al., 2009 ).
The models were estimates of the maximum and the most uniform spread of a species across a study area, based on environmental constraints. An internal regularisation technique is used to control overfitting data . The output of MaxEnt was a raster map of the same resolution as the input data; each cell represented the relative suitability of an area for a species to reside there. The value of each cell is re-scaled from 0 to 1, with zero being the lowest and 1 being the highest probability of suitability ).
MaxEnt's jackknife options were used to investigate the relative importance of the environmental variables. The gain is a measure of the probability of the samples; which specifically maximizes the likelihood of the presence samples with reference to the background data. Thus, the higher gain value denoting a better fit of model. . For each candidate model set/species, ten replicate models were run and model averages were taken across the set in order to display the distribution of wetland birds as a species group. Sufficient data were available to allow replicate models to be run with a split 50% training data and 50% test data.This permits an evaluation of the model's performance. http To produce an indication of the distribution of wetland birds as an assemblage of wetland bird species and to estimate the proportion of suitable habitats along the Red Sea coast, Maxent was run with a single model based on all of the 22 bird species to give "All birds" model, where presence equal the presence of any species. After that, the Maxent map of "All birds", was imported into Arc GIS and cells with a habitat suitability probability of <0.7 were given the value 0 (not suitable) and those with a probability >1 given a value of 1 (likely to be suitable habitat). The proportions of suitable and unsuitable habitat cells were then calculated.
Evaluation of the models
The predictive performance of the models was tested using receiver-operating characteristics (ROC). The area under the curve (AUC) was then used as a measure of model performance; the value of AUC was scaled from 0 to 1, where 1 is optimal performance, 0.5 is no better than random, and less than 0.5 is worse than random (Elith et al., 2006; Pearce and Ferrier, 2000) .
22 species models were used to build the species richness map. Maximum training sensitivity plus specificity was used to determine the threshold value necessary to predict unsuitable and suitable habitats for each species model. According to Jiménez-Valverde and Lobo (2007), the resulting threshold generally achieves high prediction accuracy. In order to apply the maximum training sensitivity plus the specificity threshold to each species, the MaxEnt average ASCIIs were converted to rasters in ArcGIS. Then the threshold value was assigned to each model by reclassifying raster values to 0 for unsuitable habitat (< threshold) and 1 for potentially suitable habitat (≥ threshold).
Then, the threshold-validated distribution models of each species were combined in one model using raster calculator in ArcGIS. After that, raster appeared in the display looking with a different colour scheme allow us to determine the areas of high species richness across Saudi Arabia's Red Sea coast.
Results
Individual species models
The performance was generally high for all individual species models. The mean AUC ranged from 0.532 and 0.990. The key significant variables for the 22 wetlandbird species distribution models are summarised in Table 2 .
All birds
The species distribution model generated when using all bird species occurrence data showed that the most suitable habitats for wetland birds were predicted to be in the middle and southern parts of the Red Sea coast (Fig. 2) . The results of the jackknife test (Fig. 3) revealed that the coast complexity is the key variable in explaining the distribution of all birds. This variable introduced a higher gain compared to the other variables and would likely be highly influential if withdrawn from the model. Models using slope alone do not perform well and thus would be the least transferable. The next two variables that contributed the most to the model are distance to main cities and distance to roads. An examination of the model response curves to key environmental variables indicated that the greater the value of the distance to main cities and soil moisture, the greater the value of the potential habitat suitability, while the greater the value of the coast complexity, distance to roads, distance to cities and elevation variables, the smaller the value of the potential habitat suitability.
The "All birds" model suggested that approximately 17% of the Red Sea coastal habitat is suitable for wetland bird species.
Model validation
The "All birds" model performed well in predicting the presence of all birds when evaluated using a ROC plot (AUC mean = 0.901 and 0.879 for the training and testing data, respectively). This result indicated that in the final model, a cell predicted as suitable habitat at any threshold of suitability would be more suitable than a randomly selected cell in the study area at least 87% of the time. 
. Results of jackknife evaluations of relative importance of predictor variables and table gives estimates of relative contributions of the environmental variables for "All birds" using Maxent model. Note: 'bright is brightness; 'cities_dis' is distance to cities; 'green' is vegetation cover, 'length' is coast complexity, 'maincities_dis' is distance to main cities, 'moist' is soil moisture, 'road_dis' is distance to road
Species richness areas
The areas of high species richness for wetland birds in the Red Sea coastal area are illustrated in the map shown in Figure 4 , which reveals that 17 areas may represent potentially suitable habitats for a large number of wetland bird species. Furthermore, the map illustrates that areas of the Red Sea coast were predicted as suitable habitat for up to 19 species, particularly in the middle and southern parts of the Red Sea coast. In contrast, the northern part of the Red Sea coast contains only two areas of high species richness. The areas of high species richness appear fragmented in places and cover broad distances along the study area. The majority of endemic and near-threatened species occurs in all 17 areas, except the White-eyed Gull, which occurs only in two areas located in the northern part of the Red Sea coast ( Table 3 ). 
Discussion
This study provides the first predicted potential habitat suitability maps for 22 wetland bird species along the Red Sea coast in the KSA. Although we built some models with occurrences data less than 20 locations, MaxEnt proved to give a robust performance in practice compared to other methods and remains effective despite a small sample size (Elith et al., 2006; Baldwin, 2009 ). The results demonstrated distance to cities, distance to roads and coast complexity variables influence negatively quite a few wetland bird species. These effect may be mediated through human activities (e.g disturbance, hunting and pollution), and the risk of predation by introduced cats, dogs and crows in the vicinity of settlements (AlRashidi et al., 2011) . Furthermore, Findlay and Houlahan (1997) found that there is highly negative correlation between bird species richness and road within around 1 km of a wetland. Many studies have been indicated that some bird species avoid selecting habitats near the roads ( Several wetland bird species that have particular importance in terms of conservation status are present on the Red Sea coast. These species include Crab Plovers (Dromas ardeola), White-eyed Gulls, Sooty Gulls, and White-cheeked Terns (PERSGA/GEF, 2003). Due to their importance in regional conservation strategies, these specific species will be discussed below in light of the potential species distribution models.
Crab Plover. Crab Plovers are known to utilise areas of sandy and muddy coastline on islands, intertidal sandflats and mudflats, estuaries, lagoons, and bare coral reefs (Burton and Burton, 2002) , and breed on sandy islands or extensive coastal sandy banks (BirdLife International, 2013). Examining the habitat suitability model the distance to main cities and soil moisture have a positive influence on the distribution of Crab Plovers, whereas, coast complexity, distance to cities and distance to roads have a negative influence on their distribution.
White-eyed Gull. White-eyed Gulls are known to utilise coastal areas and breed on island shorelines on exposed rock and sand flats (del Hoyo et al., 1996) . Although some populations in Egypt have been shown to get their food from drifting litter and harbours (Baha El Din, 1999), the species mostly feeds at sea (PERSGA/GEF, 2003). Examining the habitat suitability model the latitude has a positive influence on the distribution of White-eyed Gulls, whereas the distance to cities, vegetation cover and slope have a negative influence on their distribution. Sooty Gulls. Sooty Gulls which are known to utilise areas of along coast and at islands and breed on coastal and inshore islands near sea level which are sparsely vegetated, rocky and sandy (Cramp and Simmons, 1983 , PERSGA/GEF, 2004). Furthermore, sometimes they feed in mudflat and rest in harbours and unusually seen inland (del Hoyo et al., 1996) . Examining the habitat suitability model the distance to main cities, distance to roads and latitude have a positive influence on the distribution of Sooty Gulls, whereas the coast complexity and distance to cities have a negative influence on their distribution.
White-cheeked Tern. White-cheeked Terns are known to utilise coastal areas and along inshore bodies of water. They nest on rock, sand, gravel, and coral islands (del Hoyo et al., 1996) The second area is located near the city of Jazan. However, our study predicted the most suitable continental habitat patches for the Kentish Plover to be located along the Red Sea coast south of the cities Hanak and Jazan.
Mapping areas of high species richness
This study provided the first predicted potential habitat richness map for wetland bird species along the Red Sea coast of Saudi Arabia. Mapping species richness and distributions has become a key strategy in conservation planning (Cardillo, 1999; Graham and Hijmans, 2006) . Identifying species richness areas that include endemic species will provide conservation agencies and practitioners with the information needed to develop and optimise conservation strategies and actions (Bojórquez-Tapia et al., 1995).
Each of the 17 areas of high wetland bird species richness that were identified in this study contains different levels of endemic species. We already know that wetland birds and their habitats along the Red Sea coast face many threats. Therefore, a survey of these 17 areas should be undertaken in the future in order to investigate the actual presence of wetland birds in these areas and to thereby determine the most significant of these 17 areas for conservation purposes.
Potential Sources of error
Several studies have indicated that environmental variables, such as habitat structure and composition, play important roles in improving the accuracy of bird habitat descriptions (Dettmers and Bart, 1999) . The advantage of species modelling techniques is that they can be used to estimate the potential conservation value of both surveyed and under-surveyed areas (Maddock and Du Plessis, 1999 (Stoms, 1992) . The second issue concerns the variations in habitat selection among individual birds.
Implications for conservation
The conservation of wetland bird habitats has become a global conservation priority (BirdLife International, 2011). The species distribution model presented in this study can be used to underpin future conservation planning in the Red Sea region (Guisan and Thuiller, 2005) .The "All birds" model in this study indicated that approximately 17% of the Red Sea coastal habitat is suitable for wetland bird species.
In Saudi Arabia, there are 15 protected areas; only two of these (the Farasan Islands and the Umm Al Qamarie Islands) are located along the shores of the Red Sea (Saudi Wildlife Commission, 2011). Thus, we recommend that future monitoring and surveys should be carried out to cover all 17 areas of high wetland bird species richness along the Red Sea coast in order to determine the most significant coastal areas for wetland bird species and therefore, incorporate them into the protected areas system in the future. These areas should include both nesting and foraging sites for wetland bird species. Furthermore, we strongly recommend that establishing new protected areas along the Red Sea coast line are becoming priority to protect in particular the remain suitable habitat areas for threatened and endemic wetland birds.
Conclusions
This study has produced the first predicted potential habitat distribution maps for wetland bird species along the Red Sea coast of the Kingdom of Saudi Arabia. It has revealed that there are 17 important areas of species richness for wetland birds along the Red Sea coast of the KSA. Understanding the correlation between species occurrence and environmental variables will help both researchers and policy makers to implement appropriate conservation plans in terms of wetland bird species. The modelling presented here has the potential to form the basis for conservation strategy of wetland birds in the Red Sea coastal region of Saudi Arabia, and it is hoped that this study will guide future field surveys and conservation programs in the Red Sea coast areas of Saudi Arabia.
